A numerical model of the evaporating liquid meniscus under saturated vapor conditions in wick microstructures has been developed. Four different wick geometries representing the common wicks used in heat pipes, viz., wire mesh, rectangular grooves, sintered wicks and vertical microwires, are modeled and compared for evaporative performance. The solid-liquid combination considered is copper-water. Steady evaporation is modeled and the liquid-vapor interface shape is assumed to be static during evaporation. Liquid-vapor interface shapes in different geometries are obtained by solving the YoungLaplace equation using Surface Evolver. Mass, momentum and energy equations are solved numerically in the liquid domain, with the vapor assumed to be saturated. Evaporation at the interface is modeled by using appropriate heat and mass transfer rates obtained from kinetic theory. Thermo-capillary convection due to non-isothermal conditions at the interface is modeled for all geometries and its role in heat transfer enhancement from the interface is quantified for both low and high superheats. More than 80% of the evaporation heat transfer is noted to occur from the thin-film region of the liquid meniscus. Very small Capillary and Weber numbers arising due to small fluid velocities near the interface for low superheats validate the assumption of static liquid meniscus shape during evaporation. Solid-liquid contact angle, wick porosity, solid-vapor superheat and liquid level in the wick pore are varied to study their effects on evaporation from the liquid meniscus.
NOMENCLATURE
non-wet portion of the solid wall
INTRODUCTION
Heat pipes have proven to be among the most efficient passive cooling devices for electronics cooling. Heat pipes use a porous medium for wicking fluid from the condenser to the evaporator section. Wicking is caused by capillary forces acting at the solid-liquid-vapor contact line in the fluid-filled interstices in the porous medium. With the increasing power density of electronic components, there is a need to optimize heat pipe microstructures to maximize the heat transfer rate and to minimize thermal resistance. In recent work, the authors investigated the wicking and thin-film evaporation characteristics of wick microstructures [1, 2] . Four different wick microstructures were modeled using Surface Evolver [3] and static liquid-meniscus shapes were obtained for varying wick geometry and solid-liquid contact angle. A sintered wick structure was found to provide the greatest wicking capability as well as the highest rate of thin-film evaporation. These conclusions were drawn on the basis of static liquid meniscus shapes, without flow and heat transfer computations. In this paper, evaporation heat transfer from the liquid-vapor interface in different wick structures is modeled under the saturated vapor conditions representative of actual heat pipe operating conditions. The flow field established in the wick pore due to evaporation at the liquid-vapor interface is modeled and evaporation heat transfer rates are computed for common microstructures.
Iverson et al. [4] quantified wick performance in terms of evaporation rates for sintered copper powder wicks under conditions of operation in heat pipes. They compared the performance of four different sintered wicks of varying porosity. The evaporative thermal resistance across thin layers of sintered copper wicks of varying porosity was experimentally measured under saturated vapor conditions by Davis and Garimella [5] . Thin-film evaporation, which takes place near a solid-liquid-vapor junction, is believed to be the dominant mode of heat transfer in such systems. Thin-film evaporation has been reported to affect the overall heat transfer capability in sintered porous media [6] . A theoretical model for thin-film evaporation was developed by Wang et al. [7, 8] . The model predicts that more than 50% of the total heat transfer from the evaporating meniscus occurs in the micro region of the meniscus.
Evaporation from liquid menisci in simple wicking geometries has been studied in the literature [9, 10] using mathematical models. Wang et al. [11] modeled the transport from a volatile meniscus inside an open microtube. This work delineated the structure of fluid flow near an evaporating meniscus, including Marangoni and buoyancy-driven instabilities. Recently, Dhavaleswarapu et al. [12] visualized flow patterns near an evaporating meniscus using μPIV techniques and compared the influence of buoyancy and thermocapillarity on the overall flow structure. These studies have led to a better understanding of the physics of an evaporating liquid meniscus and serve to provide guidelines for the design of efficient microstructures for passive cooling devices.
Non-uniform evaporation at a liquid-vapor interface leads to the generation of thermocapillary stresses along the interface. As a result, thermocapillary vortices are formed near the interface due to Marangoni convection. This causes better mixing and increased heat transfer rates. Marangoni convection under large temperature differences has been shown to have a significant enhancement effect on heat transfer [13, 14, 15] . Khrustalev and Faghri [16] developed a mathematical model of the evaporating liquid-vapor meniscus in a capillary slot. They concluded that fluid flow can increase the heat transfer by up to 30%. However, this increase was only 3-5% for superheats below 5K. Diffusiondriven evaporation from a liquid-vapor interface in a capillary slot has been modeled by Wang et al. [11] and Rice et al. [17] .
Evaporation rates from the liquid meniscus in wick microstructures need to be predicted for optimizing the wick topology and geometry in passive cooling devices. In the present work, evaporation from the liquid-vapor interface in two-and three-dimensional wick microstructures is modeled under saturated vapor conditions. The liquid meniscus is assumed to be static during the evaporation process, which is reasonable when the rate of feeding flow is sufficient to support the rate of evaporation at the interface. A comparative study of four different well-defined microstructured surfaces, representing sintered wicks, vertical microwires, rectangular grooves and screen mesh, is performed. The microstructure with the best performance for the evaporator section of a cooling device is determined from these computations. Nonisothermal evaporation at the liquid-vapor interface, leading to Marangoni convection near the interface, is also studied. Parameters affecting the rate of evaporation from wick microstructures, viz., wick geometry, porosity, superheat, solid-liquid contact angle and meniscus level in the wick pore, are varied and their effects on evaporation rate are presented. The role of thin-film evaporation and Marangoni convection Copyright © 2009 by ASME in the heat transfer performance of a wick is also determined.
Results from the present work contribute to the understanding of micro-level physics of evaporation in wick structures which can be incorporated into improved numerical models for working of heat pipes [18, 19] and enhance its design from heat transfer point of view.
MATHEMATICAL MODEL

Problem Description
Microstructure Topologies
Some of the common wick structures used in cooling devices are made of wire meshes, sintered powders, grooves and felt/fiber. These microstructures are generally multi-layered. In this work, evaporation from the liquid free surface formed at the top of the wick pores is modeled for the four geometries studied. Evaporative performance is compared for the four wick geometries studied. The porosity, defined as the ratio of void volume to the total volume, is taken to be same in all four cases. As defined in [2] , the unit cells for the four surfaces are shown in Figure 1 and described below. In Figure 1(a) , h is the initial height of the filling liquid measured from the bottom, and r is the radius of the wire or sphere. In Figure 1(d) , the length, l, of the wires and ribs is not significant as the problem is two-dimensional in those cases. The pitch, p', is defined as the distance between the centers of adjacent spheres/wires/ribs. In the cases of squarepacked spheres and wires, we assume that the pitch is the same in both the longitudinal and transverse directions. The same porosity is maintained for all other topologies considered in the comparative study for evaporative performance. The non-dimensional meniscus level is defined as H = h/r.
Liquid Meniscus Shapes
Static liquid meniscus shapes in the given wick geometries are obtained using the program, Surface Evolver [3] . Surface Evolver computes the total surface energy of a given system and the equilibrium minimum energy configuration is obtained by a gradient descent method. Details of this method can be found in [1, 2] . The static liquid meniscus shapes are exported from Surface Evolver to GAMBIT [13] and the domain is discretized for finite volume computations in FLUENT [20] . It is noted that the assumption of a static meniscus shape under evaporative conditions would be valid for very small Weber and Capillary numbers, and the validity of this assumption will be discussed in a later section. The porosity of all the microstructures is fixed at 0.56, while the characteristic length scale of the wick, i.e., diameter in case of wires and spheres and rib width in case of rectangular grooves, is held at 200 μm. Figure 2(a) shows the equilibrium shape of a liquid meniscus formed inside the pore of square-packed spheres on a surface. The solid-liquid contact angle is assumed to be 30°, the porosity is 0.56, and the nondimensional radius (radius taken as the length scale) of the spheres is 1. The surface mesh, obtained from Surface Evolver, is exported into GAMBIT and a finite-volume mesh is generated. Tetrahedral elements are used for meshing the liquid and solid domains. The mesh generated for the case of square-packed uniform spheres with a porosity of 0.56, H = 1 and solid-liquid contact angle = 30° is shown in Figure 2 (b). Only one-fourth of the pore surrounding a single sphere is modeled, exploiting the symmetry planes. 
SIDE
Evaporation at Liquid-Vapor Interface
Evaporation from a liquid-vapor interface has been modeled under the assumption of saturated vapor conditions, simulating heat pipe operation. The evaporative mass flux at the interface is obtained according to Schrage [21] :
The equilibrium vapor pressure can be approximated as the corresponding saturation pressure, _ ( ) ( ) 
Governing Equations and Boundary Conditions
Liquid domain
Incompressible, laminar and steady flow of water with constant properties is assumed in the liquid domain. The following continuity, momentum and energy equations are solved:
In the solid wall, the energy equation reduces to:
The boundary conditions are illustrated below for the case of a 2D meniscus formed between horizontal wires as shown in Figure 3 .
Liquid inlet
The incoming liquid is assumed to be at a constant temperature, T inlet , with a stagnation-pressure inlet boundary condition. 
Bottom wall
A constant temperature boundary condition is applied at bottom solid wall. In a sintered wick structure, neighboring particles are attached over a certain contact area. In the present work, only the top layer of the wick structure is considered, and the intersection area with the lower layers of particles is represented by a bottom wall with the assumption of a contact area width or diameter of 0.1*d. The temperature of the bottom wall is represented by T bot . Top wall A convective heat transfer boundary condition is imposed on the non-wetted portion of the solid particles which is exposed to vapor, labeled Top Wall in Figure 3 :
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The value of the natural convection coefficient h nat from the surface of spheres and long wires is given by: (8) in which the Nusselt number, Nu, is given by [22 
Liquid-vapor interface
The liquid-vapor interface is modeled as a fixed interface with a convective boundary condition; h evap is obtained using the evaporative mass flux expression (Eqn. 1) and is discussed further in the following section.
NUMERICAL ANALYSIS
The numerical solution is obtained using the pressure-based finite volume scheme [23, 24] . The commercial CFD package, FLUENT [20] , is used. A second-order differencing scheme is used. . Pressure-velocity coupling is achieved using the SIMPLE algorithm. Grids for all microstructures considered are generated using tetrahedral elements. Only the unit cell representations shown in Figure 1 are included in the domain. Mass transport due to evaporation at the liquid-vapor interface is implemented by imposing mass source terms in the liquid cells adjacent to interface, as represented in Figure 4 . This mass source term has a negative value and is given by:
where A f is the interface area of the cell and V cell is the volume of the cell. The evaporative heat transfer corresponding to the evaporation rate in Eq. (1) 
RESULTS AND DISCUSSION
Evaporation from liquid menisci formed in four different wick microstructures has been modeled. The feeding flow and temperature fields are first presented for the 2D meniscus formed between horizontal wires and the 3D meniscus formed in a layer of packed spheres All four microstructures are then compared for their evaporative performance for a fixed porosity and characteristic length. Evaporation from a liquid meniscus formed in a wick pore is affected by the pore geometry, characteristic length, wick porosity, solid-liquid contact angle, vapor temperature, and imposed superheat (∆T = T bot -T v ). Detailed evaporation characteristics of a 2D liquid meniscus formed between horizontal wires are then presented. A water-copper combination is considered in all the simulations. Thermophysical properties of water are included in Table 1 below. Figure 5 (a) shows the steady-state temperature field in the liquid and solid domains and particle paths at a liquid crosssection for evaporation from a static meniscus between horizontal wires. From the temperature contours, it is observed that evaporation at the liquid-vapor interface leads to a cooling of the liquid near the interface relative to the incoming liquid at the inlet. Liquid is fed steadily to the interface to sustain evaporation. The particle paths illustrate the fluid feeding as well as the Marangoni vortex set up near the interface due to thermocapillary convection. 
Feeding Flow and Temperature Fields
Comparison of Evaporative Performance
The different wick topologies presented in section 2.1.1 are compared for evaporative performance under identical porosity (0.56), characteristic length (200 μm), liquid and vapor conditions.. A 60° solid-liquid contact angle is used for all cases with T bottom = 300.5 K and T inlet = T v = 298 K. Evaporative heat flux based on the base or substrate area of the wick (liquid inlet and bottom wall areas, Figure 3 ) is compared to identify the best-performing microstructure. Figure 6 shows that the packed-spheres structure offers the highest rate of evaporation and substrate heat flux among the four microstructures studied. This is consistent with previous predictions by authors based on a thermal resistance network model and static liquid meniscus shapes in wick microstructures [1, 2] . The thin-film area of the meniscus was reported to be highest in the case of packed spheres on a surface, based on static equilibrium liquid meniscus shapes. The area-averaged heat transfer coefficient at the interface (Eqn. 12) was observed to be nearly the same for all the wick structures. The dependence of evap h on the governing parameters will be discussed in the following sections. 
Evaporation from a 2d Meniscus between Wires
Evaporation from 2D menisci formed between the horizontal wires of a screen mesh is studied in detail to demonstrate the effect of parametric variations in solid-liquid contact angle, superheat, liquid level in wick pore, characteristic length and porosity of the wick as well as saturation temperature. T inlet is taken to be the same as T bot for all the cases considered in section 4.3. Superheat (∆T) is defined as T bot -T v .
Evaporation at the Interface
Evaporative mass flux and heat transfer coefficient on the interface are plotted in Figure 7 (a) and 7(b) respectively, for various contact angles and superheats. Evaporative mass flux is highest in the corner region (near the contact line) of the liquid meniscus. Also, more than 80% of the total evaporation from the interface occurs from a small area (~20% of the total area) of the meniscus, identified as the thin-film area. According to our definition [1] , the thickness of the thin-film region is on the order of 10 m; such a region has been identified as a micro region in other studies [7] . This shows that thin-film evaporation accounts for most of the heat transfer from the liquid meniscus. Also, the corner region is seen to be at a higher temperature than the central meniscus region which is almost at the vapor temperature. Such nonisothermal evaporation causes thermocapillary stress along the interface which leads to the formation of Marangoni vortices. The maximum heat transfer coefficient also occurs in the corner region of the meniscus; however, the maximum value of h evap is only 2-5% higher than that in central region of the meniscus. Both evaporative mass flux and heat transfer coefficient increase as the superheat is increased or the contact angle is decreased. 
Role of Bulk Convection
At lower superheats (< 5K), it is observed that convection does not significantly affect evaporation from a liquid meniscus into a saturated vapor. The role of convection is quantified here by comparing the evaporative heat flux for a full simulation including Marangoni convection with that from a calculation where only conduction is solved for in the liquid and solid domains. For the present case, the Peclet number is calculated to be very small (of the order of 10 -2 ) for low superheats and hence, heat transfer in the liquid is diffusiondominated. The highest liquid velocity occurs in the contact line region. Marangoni convection, which arises due to a surface tension gradient at the non-isothermal interface, has been shown to increase the heat transfer rates significantly in many systems [13] [14] [15] . In the present case, the Marangoni number, defined as
, is 3.6 for ∆T = 2.5 K and L = 200 μm. The evaporative mass flux at the interface is shown in Figure 8 (a) for the pure conduction and Marangoni convection cases. Marangoni convection increases the evaporative mass flux in the central region of the meniscus. However, the total evaporation rate from the interface is only mildly enhanced by the convection arising in the bulk liquid. The role of the Marangoni vortex appears to be to transport the heated liquid from near the solid superheated wall to the cooler interface area. However, due to the very low liquid velocities arising in this problem (due to low superheats), the effect of convection remains low. Its effect is seen to increase if superheat is increased as shown in Figure 8 (b). 
Validity of Static Meniscus Shape Assumption
Evaporation-led instabilities at the liquid-vapor interface have been discussed for high evaporation rates in the literature [25] . In the present work, due to lower superheats, very low flow velocities arise in the liquid. This leads to a Capillary number (defined as the ratio of viscous to surface tension forces, / Ca V ) of the order of 10 -3 and Weber number (defined as the ratio of inertial to surface tension forces,
) of the order of 10 -7 . Therefore, surface tension is a much more significant force than viscous or inertial forces at the interface. Hence, it is appropriate to assume a constant meniscus shape during evaporation at low superheats.
Influence of Solid-Liquid Contact Angle
The solid-liquid contact angle has been demonstrated to have a significant effect on the thin-film area of a liquid meniscus formed in wick microstructures [1, 2] . Although copper-water is considered as the solid-liquid combination in this work, the contact angle is now varied to study its effect on evaporation.
Variation of contact angle also reveals the effect of surface roughness and surface treatment on evaporation from liquidvapor interfaces, since these parameters generally lead to changes in the contact angle. In Figure 9 , the base heat flux is plotted for various contact angles and superheats. The contact angle is varied in a reasonable range for wetting fluids, i.e., from 5° to 90°, with d = 200 μm, porosity = 0.56, T inlet = T bot , T v = 298 K and H = 1. The heat flux is observed to decrease by almost 50% as the contact angle is changed from 5° to 90°, at any of the three different superheat levels considered. Higher heat fluxes are observed for higher superheats. The
This shows that the increase in heat flux with decreasing contact angle is due to the increase in meniscus area. Evaporation heat transfer coefficient is determined by the saturation temperature and interfacial conditions, irrespective of the contact angle, and can be inferred from Eqns. 1 and 12. The strong dependence of heat flux on contact angle suggests that addition of surfactants or other additives to decrease contact angle could pay large dividends for heat transfer, providing other controlling thermal resistances could be decreased. 
Contact
Effect of Superheat and Liquid Level
The driving temperature difference (∆T) for evaporation and the liquid meniscus level (H) in the wick pore are varied to study their effects on evaporation from the interface with other factors held constant (d = 200 μm, porosity = 0.56,
H is taken to be 1 for studying the variation in superheat while ∆T = 2.5 K when H is varied. In Figure 10 (a), the base heat flux (and thus the rate of evaporation) is observed to increase with increasing ∆T with the increase being somewhat linear for ∆T < 15K. At higher superheats and low contact angles, convection becomes significant and the heat flux increases at a higher rate, as shown for θ = 15°.
In Figure 10(b) , the effect on evaporation of a variation in the liquid level in the wick pore is shown for three different contact angles. The non-dimensional liquid height (H = h/r) is varied from 0.4 to 1.8. The total evaporation rate from the meniscus is highest when the meniscus is at its lowest level (H = 0.4) and decreases as H is increased. The total area of the meniscus as well as thin-film area are higher when H < 0.5 [1, 2] . The variation of liquid level in the pore does not significantly affect the evaporation rate from the meniscus for 9 Copyright © 2009 by ASME H > 0.8. This is in agreement with the predictions from a previous thermal resistance model [1] where the effective thermal resistance offered by the wick was found to change only by 15% as the liquid level in the pore was changed. However, a higher evaporation rate is observed for H < 0.8 as the interface is closer to the liquid inlet in these cases and T inlet = T bot , which increases the interface temperature in the central region of meniscus. This leads to higher evaporation rates for H < 0.8. 
Effect of Characteristic Length and Wick Porosity
The effects of variations in porosity and characteristic length on evaporation from a liquid meniscus formed between horizontal wires are now presented. Figure 11 shows the variation of base heat flux with increasing wire diameter for porosity = 0.56, T inlet = T bot , T v = 298 K and H = 1. Heat flux decreases steeply with increasing characteristic length for all superheats. For very small diameter (10 μm), the percentage thin-film area of the meniscus [1] is very high (> 80%) and hence the base heat flux is highest at the smallest diameter. For d = 1 mm and superheat ∆T = 5K, particle paths in the liquid domain are shown in Figure 12 (a). Three Marangoni vortices form near the interface, two of which are clockwise while the one in the middle is counterclockwise. This shows that there is a non-uniform variation of temperature along the interface for higher characteristic lengths. For lower dimension (d = 100 μm) and ∆T = 2.5K, only one Marangoni vortex forms near the interface, as shown in Figure 12(b) .
The influence of wick porosity is shown in Figure 13 for d = 200 μm, ∆T = 2.5K, T inlet = T bot , T v = 298 K and H = 1. The rate of evaporation decreases with increasing porosity which is again because with increasing porosity, the thin-film area of the meniscus decreases [1, 2] . The interface area-averaged heat transfer coefficient remains independent of the geometrical properties of the wick structure. Evaporative mass flux at the liquid-vapor interface is a function of the pressure and temperature at the interface and vapor saturation temperature, as shown in Eqn. 1. Hence, the interface areaaveraged heat transfer coefficient is not strongly influenced by the wick geometry. 
Effect of Saturation Temperature
The results presented above showed that the interface areaaveraged heat transfer coefficient remains essentially unchanged with variations in wick properties, superheat, meniscus level in wick pore and solid-liquid contact angle. However, it depends strongly on the saturated vapor temperature and is found to decrease with increasing T v , as shown in Figure 14 . The decrease in area-averaged h evap as T v is varied from 298 K to 304 K is attributed to the suppression of evaporation at increased vapor saturation pressures at the higher temperatures. 
CONCLUSIONS
A numerical model for evaporation from the liquid-vapor interface in wick microstructures is presented. Idealized unitcell representations of four different wick microstructuressintered wicks, vertical microwires, rectangular grooves and screen mesh -are modeled. Liquid-vapor interface shapes are obtained for different meniscus levels in the wick pores and solid-liquid contact angles using the program, Surface Evolver. Flow and temperature fields are presented for evaporation from the liquid-vapor interface in wick pores under saturated vapor conditions. The different wick microstructures are compared for evaporative performance at a fixed porosity, characteristic length, solid-liquid contact angle and thermal boundary conditions. The pore formed between packed spheres offers the highest rate of evaporation which is consistent with the prediction made in previous work by the authors based on an approximate thermal resistance network model for heat transfer in the wick pore without detailed flow and heat transfer computations [1, 2] . Non-isothermal evaporation leads to a surface tension gradient on the interface. This induces Marangoni convection in the liquid domain. The role of Marangoni convection is small for low superheats (< 5 K). A parametric study is conducted to delineate the effects of changes in contact angle, superheat, meniscus level in wick pore, characteristic length, wick The main conclusions from the parametric study are summarized below:
Evaporation heat transfer from the liquid-vapor interface decreases with increasing contact angle, due to a decrease in the thin-film area of the meniscus with increasing contact angle. Evaporation heat transfer increases with increasing superheat while it is less affected by a change in meniscus level in the wick pore. The increase in evaporation rate becomes nonlinear for larger superheats (> 10K) when convection becomes significant. Heat flux due to evaporation decreases with increasing wick characteristic length and porosity. This is again because of the decreasing thin-film area of the meniscus. Area-averaged heat transfer coefficient at the interface ( evap h ) does not change significantly with varying wick geometry, superheat, meniscus level in wick pore and contact angle. However, it shows a sharp decrease as the vapor saturation temperature is increased.
